An electrochemical system has been developed in order to assay the effect of hydrophobic molecules on the bioluminescence of bacterial luciferase (BL). The inhibition of BL luminescence by the long-chain n-alkyl alcohol has been examined using this system. The 1-heptanol, 1-octanol, 1-nonanol, 1-decanol, 1-undecanol and 1-dodecanol inhibited the BL reaction in a dose-dependent manner. The IC50 value, that is, the inhibitor concentration required to decrease the luminescence intensity by half, of these alcohols decreased with increasing the alkyl chain-length of the alcohols. In contrast, the shorter chain 1-hexanol did not inhibit the BL luminescence at all in the examined concentration range. These results indicate that the molecular size and hydrophobicity of the n-alkyl alcohol are the key factors to the inhibitory potency of the BL reaction. The IC50 values are in agreement with values obtained for the bioluminescence of the firefly luciferase system. The proposed electrochemical BL luminescence system will be used for an inhibitory assay of hydrophobic drugs, such as general anesthetics on protein functions.
Introduction
The action mechanisms of hydrophobic drugs, such as general anesthetics, on living organisms still remain unclear in spite of many efforts. These drugs have been proposed to act on both the lipid and protein of the nerve-cell membrane. 1, 2 The action on the lipid bilayer was originally proposed based on studies of Mayer and Overton, in which the anesthetic potency is proportional to the olive oil-water partition coefficient of various inhalation anesthetics. [3] [4] [5] [6] The change in the membrane fluidity by the incorporation of anesthetics has been considered to cause an inhibition to signal transmission in the nerve cell membrane. 7, 8 For the action on proteins, the binding of the drugs to the channel protein in a cell membrane has been considered to cause anesthesia; however, one of the major issues in this field is whether or not the specific anesthetic binding site is present in proteins. [9] [10] [11] In order to analyze the effects of hydrophobic molecules on proteins, albumin and firefly luciferase have been widely used as model proteins for the binding behavior and inhibition of protein functions, respectively. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] Recently, we reported that the bacterial luciferase (BL) extracted from marine luminescent bacteria can be utilized to study the effects of hydrophobic molecules on protein functions. 23, 24 The luminescence reaction of BL is expressed by the following equation: 25 FM NH2 + CnCHO + O2 → BL FMN + CnCOOH + H2O + hν, (1) where FMNH2, FMN, CnCHO and CnCOOH are the reduced and oxidized forms of flavin monocleotide, substrate n-alkyl aldehyde and corresponding fatty acid, respectively. As shown in Eq. (1), the BL luminescence reaction requires FMNH2; however, FMNH2 is easily oxidized to FMN by dissolved oxygen. Therefore, FMNH2 should be regenerated from FMN to promote the luminescence reaction. For this purpose, a chemical reduction method with sodium dithionite (Na2S2O4) as the reducing agent has been commonly used; 26, 27 however, it requires a large amount of reducing agent for the FMN reduction because of the rapid reoxidation of FMNH2 by dissolved oxygen. Moreover, the use of the reducing agent may affect the BL reaction steps, and then it cannot be used for the assay of drugs by the BL reaction. In contrast to the chemical reduction, the electrochemical reduction of FMN offers an easy to operate a contamination-free method for the reduction of FMN to FMNH2. 23, 24, 28 In the present study, the steady-state BL luminescence system developed by the present authors has been applied to examine the effects of hydrophobic molecules on the BL luminescence reaction. By using the proposed system, the effect of the alkyl chain-length of the n-alkylaldehyde substrate on the BL luminescence intensity was first examined. The inhibitory effect of n-alkyl alcohol on the BL luminescence reaction was then examined by changing the alkyl chain-length of the n-alkyl alcohol. The n-alkyl alcohols have been used as the inhibitor of both the BL luminescence system and firefly luciferase (FFL) luminescence system. 29, 30 The applicability of this system to analyze the effects of hydrophobic molecules on the protein function has been discussed by a comparison with the result reported using the firefly luciferase.
Experimental

Materials
Bacterial luciferase from Vibrio fischeri (EC: 1.14.14. 1-dodecylaldehyde were prepared each day and diluted to the desired concentration. In all of the BL luminescence measurements, the methanol concentration in the sample solution was kept constant at 0.5% (v/v) to avoid the effect of methanol on the reaction. The pH of the sample solution was adjusted to 7.0 with 50 mmol dm -3 phosphate buffer. A 0.1 mol dm -3 KCl was added as the supporting electrolyte.
Apparatus Figure 1 shows a schematic illustration of the electrochemical BL luminescence system developed in the present study. The homemade electrochemical luminescence cell made with Diflon ® was used to reduce the FMN and to monitor the corresponding luminescence intensity. 24 The cell consisted of a Pt mesh (80 mesh) working electrode, a Pt wire counter electrode and a Ag/AgCl (3 mol dm -3 NaCl) reference electrode. The Pt mesh and Pt wire electrodes were cleaned in a 60 C piranha solution (a 3:1 mixture of concentrated H2SO4 and 30% H2O2) for 1 h before each series of the inhibitory measurement. An optical quartz disk was mounted facing the Pt mesh electrode in order to monitor the luminescence intensity. The volume and quartz window area of the cell were about 0.4 and 1.13 cm 2 , respectively.
An electrochemical reduction of the FMN was performed using an HSV-100 computer-controlled potentiostat (Hokuto Denko, Japan). The luminescence intensity was measured by a H7821-001 photomultiplier module with a C7169 power supply (Hamamatsu, Japan). The electrochemical and luminescence signals were recorded by a GL500A digital recorder (Graphtec, Japan) at 0.5 ms time intervals and transferred to a personal computer.
Optimization of BL luminescence
To optimize the BL luminescence reaction conditions, the effect of the alkyl chain-length of the CnCHO (n = 5, 7, 9, 11) substrate on the luminescence intensity was measured by keeping the concentrations of CnCHO, BL and FMN at 30, 1.0 and 30 μmol dm -3 , respectively. The effects of the concentrations of C11CHO, which gave the highest luminescence intensity, and FMN on the luminescence intensity were measured. The concentrations of C11CHO and FMN were changed from 1.0 to 40 μmol dm -3 , respectively, with a constant BL concentration of 1.0 μmol dm -3 . In these measurements, the FMN was reduced by the constant potential electrolysis at the potential of -0.7 V (vs. Ag/AgCl). The BL luminescence intensity was observed at the steady-state luminescence intensity of the light intensity versus electrolysis time profile.
Inhibitory assay of BL luminescence by CnOH
To examine the effect of CnOH on the BL reaction, CnOH (n = 6, 7, 8, 9, 10, 11 and 12) was added to the BL solution, and the corresponding change in the luminescence intensity was measured. For this measurement, the concentrations of BL, FMN and C11CHO were kept constant at 1.0, 20 and 20 μmol dm -3 , respectively, and the CnOH concentration was changed from zero to the maximum solubility. To confirm the full dissolution of CnOH, the turbidity of the sample solution was checked by the absorbance at three wavelengths, i.e., 390, 490 and 590 nm by a UV-vis spectrophotometer. The relative BL luminescence intensity was obtained as the luminescence intensity of the solution containing CnOH relative to the luminescence intensity of the CnOH-free control solution. The obtained relative luminescence intensity was plotted as a function of the CnOH concentration, and then fitted to the dose-response equation, Eq. (2), to obtain the IC50 value, which is the CnOH concentration required to decrease the BL luminescence intensity by half:
where I the luminescence intensity at the CnOH concentration of x, I0 the luminescence intensity of the control solution, and x0 and nH the IC50 value and Hill coefficient, respectively. Figure 2 shows the effects of the alkyl chain-length of the CnCHO (n = 5, 7, 9 and 11) on the BL luminescence intensity for a solution containing 30 μmol dm -3 CnCHO, 1.0 μmol dm -3 BL and 30 μmol dm -3 FMN. Intense BL luminescence was observed with the C11CHO at an electrode potential of -0.7 V (vs. Ag/AgCl) for the FMN reduction. For C5CHO, C7CHO and C9CHO, in contrast, only a weak luminescence was observed. Shimomura reported that C11CHO and C13CHO are the major n-alkyl aldehydes in the Vibrio fischeri bacterial species. 31 Based on this result, C11CHO was used thereafter as the substrate of the BL reaction. Figure 3 shows the dependence of the BL luminescence intensity on the C11CHO concentration for a solution containing 1.0 μmol dm -3 BL and 20 μmol dm -3 FMN. The luminescence intensity increased with increasing the C11CHO concentration, and then reached a constant intensity at about 10 μmol dm -3 . Figure 4 shows the dependence of the BL luminescence intensity Fig. 1 Schematic illustration of the electrochemical BL luminescence system developed in the present study. The sample volume of the cell is about 0.4 cm 3 . The sample solution was introduced into the cell by a syringe, and then a constant potential electrolysis was performed at -0.7 V. PS, a potentiostat; PM, a photomultiplier; REC, a digital recorder; PC, a personal computer; QW, a quartz window; RE, a Ag/AgCl reference electrode; CE, a Pt ring counter electrode; WE, a Pt mesh working electrode.
Results and Discussion
Effects of the alkyl chain-length of CnCHO and the concentrations of CnCHO and FMN
on the FMN concentration for a solution containing 1.0 μmol dm -3 BL and 20 μmol dm -3 C11CHO. The luminescence intensity also increased with the FMN concentration, which reached a constant intensity at 10 μmol dm -3 FMN. A similar FMN concentration dependence was observed for the C11CHO concentration from 0 to 40 μmol dm -3 . Therefore, the concentrations of both C11CHO and FMN were set at 20 μmol dm -3 for an inhibitory assay of the BL luminescence by CnOH. With this sample solution containing BL, FMN and C11CHO, the relative standard deviation of the luminescence intensities obtained from this BL luminescence system was 3.2% (n = 3). Figure 5 shows the effect of the C12OH concentration on the time-course profile of the BL luminescence after application of the -0.7 V electrolysis potential. For all of the examined C12OH concentrations, the luminescence intensity reached a steady-state within 1 min after application of the potential. Moreover, the steady-state luminescence intensity decreased with an increase in the added C12OH concentration. Similar time course profiles were also observed for the C7OH, C8OH, C9OH, C10OH and C11OH. Figure 6 shows plots of the steady-state luminescence intensity as a function of the CnOH concentration for all of the examined CnOH. The CnOH (n = 7, 8, 9, 10, 11 and 12) inhibited the BL luminescence in a dose-dependent manner. Among the alcohols examined, C12OH most effectively inhibited the BL luminescence and the inhibitory potency decreased with a decrease in the alkyl chain-length. C6OH did not inhibit the BL luminescence at all, even at the maximum soluble concentration. As shown in Fig. 2 , the most intense luminescence was obtained with the C11CHO, while the most effective inhibition was observed with the C12OH. These results indicated that the molecular size, in addition to the hydrophobicity, is the key factor for effective inhibition.
Inhibition of BL luminescence by CnOH
The dotted lines in Fig. 6 are the result of a nonlinear least-squares curve-fitting using Eq. (2). The IC50 values and Hill coefficients (nH) obtained from the best-fit curves are listed in Table 1 . The IC50 values of the CnOH obtained in the present study are in good correlation with those reported by Curry et al. for the luminescence of the Vibrio herveyi bacteria species in which FMN was chemically reduced. 29 However, all of the IC50 values obtained in the present study are relatively higher than their values. This difference can be partly attributed to the difference in the bacteria species used in the study. As also pointed out by Curry, Vibrio fischeri is more insensitive than Vibrio herveyi to inhibition by CnOH. 29 Another possible reason for the difference in these IC50 values is the difference in the FMN reduction method. During the chemical reduction of FMN, only a single turnover of the luminescence reaction is achieved because of rapid consumption of the reducing agent by the dissolved oxygen. During the electrochemical reduction of FMN, in contrast, multiple turnover reactions are realized because the FMN is continuously reduced to FMNH2 at the electrode surface. Therefore, the effects of CnOH on the post-luminescence reaction steps are reflected only in the measurement during the electrochemical FMN reduction. For electrochemical reduction, moreover, the BL luminescence reaction is not perturbed by the unexpected effects of the reducing agent. As shown in Table 1 , the nH values of CnOH are approximately equal to 1, suggesting that these molecules inhibit the BL reaction with a one-to-one binding to the BL molecule.
To examine the availability of the proposed electrochemical BL luminescence system for the inhibitory assay of hydrophobic agents, the IC50 values of the CnOH were further compared to the result obtained using the FFL luminescence system. 30 The IC50 values for the FFL system are also listed in Table 1 . The IC50 values for the BL system obtained in the present study are in good agreement within the experimental error to the IC50 values obtained in the FFL system. For the various general anesthetics, there has been reported a good linear correlation between their anesthetic potency to living organisms and their inhibitory potency to the FFL luminescence reaction. 30 With this experimental evidence, the FFL system has been considered to be a suitable model system to analyze the action of general anesthetics on protein functions. 32 However, FFL is difficult to handle because of its hydrophobic and unstable nature in an aqueous solution and then the solubilizing and stabilizing reagents, such as EDTA, albumin and dithiothreitol, are usually added to the FFL solution. In contrast, BL is more soluble and stable in an aqueous solution than FFL, and requires neither solubilizing nor stabilizing reagents. The good correlation of the IC50 values between the present BL system and the FFL system suggests that the proposed electrochemical BL system is the dominant candidate for the model system to analyze the action of hydrophobic molecules on the protein function.
Conclusions
In the present study, the electrochemical BL luminescence system has been developed to analyze the action of hydrophobic molecules on protein functions. The effects of n-alkyl alcohols (CnOH) on the luminescence intensity was analyzed using this system. C7OH, C8OH, C9OH, C10OH, C11OH and C12OH inhibited the luminescence intensity in a dose-dependent manner with an increasing inhibititory potency with the alkyl chain-length. The IC50 values of C10OH and C12OH for the BL system were compared to those for the FFL system. The IC50 values are in good aggrement between these two luciferase systems, suggesting the availability of the proposed BL system for the inhibitory analysis of hydrophobic molecules such as general anesthetics on protein functions. 
